Abstract: Osteoarthritis (OA) is a multifactorial disease characterized by gradual degradation of joint cartilage. This study aimed to quantify major pathogenetic factors during OA progression in human cartilage. Cartilage specimens were isolated from OA patients and scored 0-5 according to the Osteoarthritis Research Society International (OARSI) guidelines. Protein and gene expressions were measured by immunohistochemistry and qPCR, respectively. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were used to detect apoptotic cells. Cartilage degeneration in OA is a gradual progress accompanied with gradual loss of collagen type II and a gradual decrease in mRNA expression of SOX9, ACAN and COL2A1. Expression of WNT antagonists DKK1 and FRZB was lost, while hypertrophic markers (RUNX2, COL10A1 and IHH) increased during OA progression. Moreover, DKK1 and FRZB negatively correlated with OA grading, while RUNX2 and IHH showed a significantly positive correlation with OA grading. The number of apoptotic cells was increased with the severity of OA. Taken together, our results suggested that genetic profiling of the gene expression could be used as markers for staging OA at the molecular level. This helps to understand the molecular pathology of OA and may lead to the development of therapies based on OA stage.
Introduction
Osteoarthritis (OA) is a multifactorial disease of the joints, affecting many parts of the joint, including bone, synovium, ligaments and articular cartilage (AC). It is characterized by the progressive destruction of the articular cartilage matrix [1] . Cartilage damage in OA is likely to result from the aggregate effect of multiple genetic, environmental, mechanical and cell biological factors driving changes in gene expression [2] .
The pathology of OA is complex; the underlying mechanism behind OA development and progression is still unknown. Many studies of OA progression are based on animal models [3] [4] [5] that may not be translatable into human disease and therapy. Although gene expression has been studied in normal and advanced OA [6, 7] , little is known about what happens in transition stages during OA progression. Studies about gene expression in different steps of OA based on OA scores in human cartilage have not been reported and may provide clues for comprehensive understanding of the progression of OA. This would mean that if we measure the expression of these genes in any given patient, we may tailor therapy based on the stage of OA of the individual patient.
It has been shown that the cartilage-specific transcription factor sex-determining region Y box 9 (SOX9) expression is decreased at the mRNA and protein levels in OA cartilage [8] . Collagen type II, α1 (COL2A1) is reduced, while collagen type I, α1 (COL1A1) is increased during the progression of 
Gene Expression Profiles in Cartilage at Different Stages
To characterize the gene expression during OA progression, qPCR was performed in cartilage specimens with Grades 0, 1, 2, 3, 4 and 5. The expression of cartilage-related markers is summarized in Table 1 . For all three cartilage markers, SOX9, ACAN and COL2A1, gene expression gradually decreased with increasing severity of OA. This was especially obvious for the expression of SOX9, the master transcription factor for chondrocyte development [20, 21] , which was reduced to below detection levels in Grade 5 tissue. The expression of the chondrocyte dedifferentiation marker COL1A1 gradually increased from Grades 2-5. The ratio COL2A1/COL1A1 was sharply decreased from Grades 0-5. Table 1 . Expression of cartilage-related genes in OA cartilage and correlation with the severity of OA (n = 12). RT-PCR was performed to assess gene expression. Pearson correlation was used to examine the correlation between gene expression and the severity of OA. p < 0.05 was considered statistically correlated. ns: no correlation; * p < 0.05, ** p < 0.01: significant correlation.
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GREM1
Inhibits terminal chondrocyte differentiation and endochondral bone formation Previously, we have shown that WNT antagonists DKK1 and FRZB and the BMP antagonist GREM1 are regulators for cartilage homeostasis [10] . In our study, the expression of DKK1 was Previously, we have shown that WNT antagonists DKK1 and FRZB and the BMP antagonist GREM1 are regulators for cartilage homeostasis [10] . In our study, the expression of DKK1 was significantly decreased at Grades 3, 4 and 5; FRZB was linearly decreased from Grades 1-4. The expression of GREM1 slightly decreased between Grades 0 and 2 and steeply increased between Grades 4 and 5. This increase was further substantiated by an increase in GREM1 staining in IHC ( Figure 2 and Figure S2 ).
In a subset of patients, OA is associated with hypertrophic differentiation of chondrocytes [22] . The expression of hypertrophy-related genes is summarized in Table 2 . The transcription factor linked to chondrocyte hypertrophy, RUNX2, was under the detection level at Grades 0 and 1, which was gradually increased from Grade 2 with the severity of OA. RUNX2 drives the expression of the terminal differentiation markers, including COL10A1 and IHH, which were increased 10-and nine-fold, respectively, at Grade 5. COL10A1, which was under the detection level at Grades 0-3, was first detected at Grade 4. The gene expression is in line with the IHC results ( Figure 2 and Figure S3 ). Table 2 . Expression of hypertrophy-related genes in OA cartilage and correlation with the severity of OA (n = 12). RT-PCR was performed to assess gene expression. Pearson correlation was used to examine the correlation between gene expression and the severity of OA. Y axis = 0, indicated by #, means this gene is under the detection level. p < 0.05 was considered statistically correlated. ns: no correlation; * p < 0.05, ** p < 0.01: significant correlation. 
COL10A1
The marker of hypertrophic chondrocytes, regulates matrix mineralization Previously, we have shown that WNT antagonists DKK1 and FRZB and the BMP antagonist GREM1 are regulators for cartilage homeostasis [10] . In our study, the expression of DKK1 was significantly decreased at Grades 3, 4 and 5; FRZB was linearly decreased from Grades 1-4. The expression of GREM1 slightly decreased between Grades 0 and 2 and steeply increased between Grades 4 and 5. This increase was further substantiated by an increase in GREM1 staining in IHC ( Figure 2 and Figure S2 ).
In a subset of patients, OA is associated with hypertrophic differentiation of chondrocytes [22] . The expression of hypertrophy-related genes is summarized in Table 2 . The transcription factor linked to chondrocyte hypertrophy, RUNX2, was under the detection level at Grades 0 and 1, which was gradually increased from Grade 2 with the severity of OA. RUNX2 drives the expression of the terminal differentiation markers, including COL10A1 and IHH, which were increased 10-and nine-fold, respectively, at Grade 5. COL10A1, which was under the detection level at Grades 0-3, was first detected at Grade 4. The gene expression is in line with the IHC results ( Figure 2 and Figure S3 ). Table 2 . Expression of hypertrophy-related genes in OA cartilage and correlation with the severity of OA (n = 12). RT-PCR was performed to assess gene expression. Pearson correlation was used to examine the correlation between gene expression and the severity of OA. Y axis = 0, indicated by #, means this gene is under the detection level. p < 0.05 was considered statistically correlated. ns: no correlation; * p < 0.05, ** p < 0.01: significant correlation. Previously, we have shown that WNT antagonists DKK1 and FRZB and the BMP antagonist GREM1 are regulators for cartilage homeostasis [10] . In our study, the expression of DKK1 was significantly decreased at Grades 3, 4 and 5; FRZB was linearly decreased from Grades 1-4. The expression of GREM1 slightly decreased between Grades 0 and 2 and steeply increased between Grades 4 and 5. This increase was further substantiated by an increase in GREM1 staining in IHC ( Figure 2 and Figure S2 ).
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In a subset of patients, OA is associated with hypertrophic differentiation of chondrocytes [22] . The expression of hypertrophy-related genes is summarized in Table 2 . The transcription factor linked to chondrocyte hypertrophy, RUNX2, was under the detection level at Grades 0 and 1, which was gradually increased from Grade 2 with the severity of OA. RUNX2 drives the expression of the terminal differentiation markers, including COL10A1 and IHH, which were increased 10-and nine-fold, respectively, at Grade 5. COL10A1, which was under the detection level at Grades 0-3, was first detected at Grade 4. The gene expression is in line with the IHC results ( Figure 2 and Figure S3 ). Previously, we have shown that WNT antagonists DKK1 and FRZB and the BMP antagonist GREM1 are regulators for cartilage homeostasis [10] . In our study, the expression of DKK1 was significantly decreased at Grades 3, 4 and 5; FRZB was linearly decreased from Grades 1-4. The expression of GREM1 slightly decreased between Grades 0 and 2 and steeply increased between Grades 4 and 5. This increase was further substantiated by an increase in GREM1 staining in IHC (Figure 2 and Figure S2 ).
In a subset of patients, OA is associated with hypertrophic differentiation of chondrocytes [22] . The expression of hypertrophy-related genes is summarized in Table 2 . The transcription factor linked to chondrocyte hypertrophy, RUNX2, was under the detection level at Grades 0 and 1, which was gradually increased from Grade 2 with the severity of OA. RUNX2 drives the expression of the terminal differentiation markers, including COL10A1 and IHH, which were increased 10-and nine-fold, respectively, at Grade 5. COL10A1, which was under the detection level at Grades 0-3, was first detected at Grade 4. The gene expression is in line with the IHC results ( Figure 2 and Figure S3 ). Table 2 . Expression of hypertrophy-related genes in OA cartilage and correlation with the severity of OA (n = 12). RT-PCR was performed to assess gene expression. Pearson correlation was used to examine the correlation between gene expression and the severity of OA. Y axis = 0, indicated by #, means this gene is under the detection level. p < 0.05 was considered statistically correlated. ns: no correlation; * p < 0.05, ** p < 0.01: significant correlation. Since WNT and BMP signaling are indicated to be involved in cartilage pathophysiology [23] , we measured the expression of AXIN2 as a target gene of WNT signaling and BMP2 as a target gene of BMP signaling. AXIN2 was not detectable in cartilage Grades 0, 1, 2 and 3; however, it started to be expressed in OA Grade 4 and increased further at Grade 5. The expression of BMP2 was sharply increased at Grade 2, further increased at Grade 3 and could not be detected at Grades 4 and 5.
Correlation between Gene Expression and the Severity of OA
The Pearson correlation method was applied to reveal a correlation between gene expression based on qPCR data and OA severity. The expression of SOX9 (r = −0.927, p = 0.008), ACAN (r = −0.959, p = 0.002) and COL2A1 (r = −0.960, p = 0.002) was negatively correlated with OA, while the expression of the chondrocyte dedifferentiation marker COL1A1 (r = 0.963, p = 0.002) was positively correlated with OA grading (Table 1) .
Previously, we have shown that the expression of these DKK1, FRZB and GREM1 is downregulated in OA [10] . We therefore looked at the correlation between DKK1, FRZB and GREM1 expression and OA progression (Table 1) . DKK1 (r = −0.812, p = 0.05) and FRZB (r = −0.896, p = 0.016) mRNA expression levels were negatively correlated with the grading of knee OA. Although high expression of GREM1 was observed in high-grade OA (Grades 4 and 5) by qPCR and IHC, we found a moderate correlation of GREM1 with OA grading, which was not significant, probably due to the relatively small sample size (r = 0.714, p = 0.111). However, the expression of RUNX2 (r = 0.908, p = 0.012) and IHH (r = 0.961, p = 0.0018) showed a significantly positive correlation with OA grading (Table 2 ).
In addition, we found that FRZB was positively correlated with cartilage marker ACAN (r = 0.944, p = 0.005) and COL2A1 (r = 0.868, p = 0.03); IHH was negatively correlated with all three cartilage markers SOX9 (r = −0.968, p = 0.001), ACAN (r = −0.914, p = 0.011) and COL2A1 (r = −0.914, p = 0.011); FRZB was positively correlated with DKK1 (r = 0.816, p = 0.05); and GREM1 was positively correlated with the hypertrophic markers COL10A1 (r = 0.995, p = 0.000035), IHH (r = 0.829, p = 0.041), RUNX2 (r = 0.997, p = 0.003) and AXIN2 (r = 0.933, p = 0.007). We did not observe a significant correlation between the expression of the antagonists and the tested hypertrophic markers (Table S1 ).
Chondrocyte Apoptosis Is Associated with the Severity of OA
It has been indicated that death of chondrocytes and the loss of extracellular matrix are key features in cartilage degeneration during OA [24] . We therefore performed TUNEL staining for detecting DNA fragmentation in different stages of OA (Figure 3 ). It has been reported that chondrocyte apoptosis is observed in both the superficial and middle layer in cartilage [25] . For quantification, the number of apoptotic chondrocytes was counted in the superficial (SL) and middle layers (ML). The percentage of apoptotic chondrocytes at higher stages of OA (Grades 4 and 5) was significantly higher than that in the lower stages of OA (Grades 1 and 2); apoptotic cells were not Since WNT and BMP signaling are indicated to be involved in cartilage pathophysiology [23] , we measured the expression of AXIN2 as a target gene of WNT signaling and BMP2 as a target gene of BMP signaling. AXIN2 was not detectable in cartilage Grades 0, 1, 2 and 3; however, it started to be expressed in OA Grade 4 and increased further at Grade 5. The expression of BMP2 was sharply increased at Grade 2, further increased at Grade 3 and could not be detected at Grades 4 and 5.
Correlation between Gene Expression and the Severity of OA
The Pearson correlation method was applied to reveal a correlation between gene expression based on qPCR data and OA severity. (Table 1) .
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The Pearson correlation method was applied to reveal a correlation between gene expression based on qPCR data and OA severity. The expression of SOX9 (r =´0.927, p = 0.008), ACAN (r =´0.959, p = 0.002) and COL2A1 (r =´0.960, p = 0.002) was negatively correlated with OA, while the expression of the chondrocyte dedifferentiation marker COL1A1 (r = 0.963, p = 0.002) was positively correlated with OA grading (Table 1) .
Previously, we have shown that the expression of these DKK1, FRZB and GREM1 is downregulated in OA [10] . We therefore looked at the correlation between DKK1, FRZB and GREM1 expression and OA progression (Table 1) . DKK1 (r =´0.812, p = 0.05) and FRZB (r =´0.896, p = 0.016) mRNA expression levels were negatively correlated with the grading of knee OA. Although high expression of GREM1 was observed in high-grade OA (Grades 4 and 5) by qPCR and IHC, we found a moderate correlation of GREM1 with OA grading, which was not significant, probably due to the relatively small sample size (r = 0.714, p = 0.111). However, the expression of RUNX2 (r = 0.908, p = 0.012) and IHH (r = 0.961, p = 0.0018) showed a significantly positive correlation with OA grading (Table 2 ).
In addition, we found that FRZB was positively correlated with cartilage marker ACAN (r = 0.944, p = 0.005) and COL2A1 (r = 0.868, p = 0.03); IHH was negatively correlated with all three cartilage markers SOX9 (r =´0.968, p = 0.001), ACAN (r =´0.914, p = 0.011) and COL2A1 (r =´0.914, p = 0.011); FRZB was positively correlated with DKK1 (r = 0.816, p = 0.05); and GREM1 was positively correlated with the hypertrophic markers COL10A1 (r = 0.995, p = 0.000035), IHH (r = 0.829, p = 0.041), RUNX2 (r = 0.997, p = 0.003) and AXIN2 (r = 0.933, p = 0.007). We did not observe a significant correlation between the expression of the antagonists and the tested hypertrophic markers (Table S1 ).
Chondrocyte Apoptosis Is Associated with the Severity of OA
It has been indicated that death of chondrocytes and the loss of extracellular matrix are key features in cartilage degeneration during OA [24] . We therefore performed TUNEL staining for detecting DNA fragmentation in different stages of OA (Figure 3) . It has been reported that chondrocyte apoptosis is observed in both the superficial and middle layer in cartilage [25] . For quantification, the number of apoptotic chondrocytes was counted in the superficial (SL) and middle layers (ML). The percentage of apoptotic chondrocytes at higher stages of OA (Grades 4 and 5) was significantly higher than that in the lower stages of OA (Grades 1 and 2); apoptotic cells were not observed at Grade 0. There was a significant positive correlation between grading and apoptotic chondrocyte numbers in OA cartilage (r = 0.894, p = 0.016). 
Discussion
In this study, cartilage samples from patients were graded according to OARSI guidelines and varied from Grades 0-5. Twelve candidate cartilage-related genes were quantified by qPCR and/or immunohistochemistry It is important to discuss the fact that when we obtain cartilage samples from OA patients undergoing total joint replacement surgery, the articular cartilage in the joint from most of the patients is almost gone. In addition, cartilage with multiple OA grades is found within single joints. RNA samples from one patient therefore are not enough for any genetic study, such as ours, so we pooled cartilage samples with the same OA grade (according to the OARSI guidelines) from different patients (Table S2) . We therefore can only discuss the trend of the gene expression levels coupled to the OA grade of the cartilage. For the qPCR assays, we have no information on the patient-to-patient variability, but results are an average of the material of multiple patients. It is therefore key to note that the protein expression levels of COL2A1, COL10A1 and GREM1, as measured in IHC experiments and which were done for each patient, correspond to the trend described with the qPCR experiments.
Chondrocytes express specific markers, such as collagen type II and the chondrogenic master regulator, the transcription factor, SOX9 [21] . Damage to collagen type II and loss of other cartilage ECM components occur in OA [26, 27] . As expected, the gene expression of all three chondrocyte markers, SOX9, ACAN and COL2A1, was decreased with OA severity and negatively correlated with OA severity in line with previous reports [28] . Interestingly, while the expression of ACAN and COL2A1 was sharply decreased between Stages 2 and 5, the loss of SOX9 was more gradual. This indicates the lack of a one to one relationship between SOX9 and these cartilage markers despite the fact that these markers are direct target genes of the transcription factor SOX9. This may imply that OA is initiated by differential regulation of the signaling network that regulates SOX9 protein activity and not with downregulation of SOX9 at the transcriptional level. The loss of expression of COL2A1 also was confirmed by IHC, which was in accordance with previously-described data [29, 30] . 
In this study, cartilage samples from patients were graded according to OARSI guidelines and varied from Grades 0-5. Twelve candidate cartilage-related genes were quantified by qPCR and/or immunohistochemistry.
It is important to discuss the fact that when we obtain cartilage samples from OA patients undergoing total joint replacement surgery, the articular cartilage in the joint from most of the patients is almost gone. In addition, cartilage with multiple OA grades is found within single joints. RNA samples from one patient therefore are not enough for any genetic study, such as ours, so we pooled cartilage samples with the same OA grade (according to the OARSI guidelines) from different patients (Table S2) . We therefore can only discuss the trend of the gene expression levels coupled to the OA grade of the cartilage. For the qPCR assays, we have no information on the patient-to-patient variability, but results are an average of the material of multiple patients. It is therefore key to note that the protein expression levels of COL2A1, COL10A1 and GREM1, as measured in IHC experiments and which were done for each patient, correspond to the trend described with the qPCR experiments.
Chondrocytes express specific markers, such as collagen type II and the chondrogenic master regulator, the transcription factor, SOX9 [21] . Damage to collagen type II and loss of other cartilage ECM components occur in OA [26, 27] . As expected, the gene expression of all three chondrocyte markers, SOX9, ACAN and COL2A1, was decreased with OA severity and negatively correlated with OA severity in line with previous reports [28] . Interestingly, while the expression of ACAN and COL2A1 was sharply decreased between Stages 2 and 5, the loss of SOX9 was more gradual. This indicates the lack of a one to one relationship between SOX9 and these cartilage markers despite the fact that these markers are direct target genes of the transcription factor SOX9. This may imply that OA is initiated by differential regulation of the signaling network that regulates SOX9 protein activity and not with downregulation of SOX9 at the transcriptional level. The loss of expression of COL2A1 also was confirmed by IHC, which was in accordance with previously-described data [29, 30] .
COL1A1 is a fibroblastic marker expressed in dedifferentiated chondrocytes [31, 32] . We found that COL1A1 expression increased significantly in higher OA grades and that the ratio of COL2A1/COL1A1 dropped strongly with OA severity. This expression trend is in agreement with previous reports that collagen I was strongly increased at end-stage OA as compared to normal and early-stage OA [27, 33] and that a shift of phenotypes towards fibroblasts was indicated by the drop in the COL2A1/COL1A1 ratio in OA [34, 35] .
Previously, we reported that three antagonists, DKK1, FRZB and GREM1, are key factors that maintain cartilage homeostasis by diminishing terminal hypertrophic differentiation in long-bone explant cultures and chondrogenically-differentiating human mesenchymal stem cells (hMSCs) [10] . DKK1 is associated with OA development, and high levels of DKK1 have a protective function against cartilage degeneration [36] [37] [38] . FRZB-knockout mice displayed severe OA cartilage degeneration in a mouse model of joint instability, enzymatic injury or inflammation [39] . In addition, it was shown that the highest FRZB serum levels were associated with a modest reduction in the risk of the incidence of hip OA [36] . We found that the expression of DKK1 and FRZB was lost with the increased severity of OA and that both of these two factors were negatively correlated with OA grading. This is in line with the proposed protective roles of DKK1 and FRZB in articular cartilage and that the loss of these factors might lead to OA progression. We found downregulation of GREM1 in low-grade OA, while the expression is upregulated in advanced OA. IHC demonstrated that GREM1 was highly expressed in late-stage OA, which has been reported [7] . Our group previously demonstrated that GREM1 mRNA expression was decreased in OA [22] . In this previous study, the decrease in GREM1 mRNA expression was measured between macroscopically healthy looking cartilage from an OA joint and OA cartilage without grading of samples. The samples from the previous study might belong to Grades 0-2. However, in the current study, we used histological grading of the samples from OA Grades 0-5, thereby being more careful in specifying healthy and OA tissue. In our previous study, we also found the increase in GREM1 expression specifically after mechanical loading [22] . In the present study, we did not identify whether the high-grade OA cartilage was isolated from load-bearing regions, which may explain the high expression of GREM1 in end-stage OA. However, we cannot exclude that the differences are due to joint-specific differences in gene expression.
Hypertrophy-like changes of chondrocytes have been reported in both human OA joints and experimental models of OA [40] [41] [42] . These changes play a crucial role in the OA disease progress since they result in protease-mediated cartilage degradation [43] . When chondrocytes in OA undergo hypertrophic differentiation, this changes their behavior, as indicated by the increased expression of hypertrophic markers, matrix calcification and an enlarged cellular volume [44] . In this study, the expression of three hypertrophic markers, RUNX2, COL10A1 and IHH, gradually increased with the severity of OA. In addition, RUNX2 and IHH positively correlated with OA severity. COL10A1 was not expressed in healthy articular cartilage (Grade 0) and in early stage of OA (Grades 1, 2 and 3), but highly expressed in late stage OA (Grades 4 and 5). These results are in line with another finding that collagen type X is consistently found in advanced stages of OA and is absent in normal cartilage [45] , indicating that hypertrophic differentiation might play a role in late-stage OA.
It has been shown that WNT [46, 47] and BMP [48] are involved in experimental and human OA [49] . In our study, the target gene of canonical WNT signaling, AXIN2, became highly detectable at the mRNA level in OA Grades 4 and 5. Excessive activity of WNT signaling increases chondrocyte hypertrophic differentiation and correlated with the expression of matrix-degrading enzymes [43] . This high activity of WNT signaling at late stages of OA might be related to the reduced expression level of the WNT antagonists DKK1 and FRZB at the mRNA level, leading to high expression of hypertrophic markers, subsequently contributing to OA. BMP2 expression was below the detection levels in normal cartilage (Grade 0) and was low in OA Grade 1, but strongly increased at Grade 2 and further increased at Grade 3, followed by undetectable levels in Grades 4 and 5. Similar results are observed in previous studies showing that BMP2 mRNA expression and protein expression are low in normal cartilage, but are increased in the area directly around OA lesions and in OA cartilage [50, 51] . The regulation of BMP2 varies in acute OA and chronic OA. In chronic OA, patients a reduced BMP2 expression is found [52] . The absence of BMP2 expression in Grades 4 and 5 in our study may indicate that the patients have chronic OA.
Chondrocytes are the only cell type present in cartilage and are responsible for the maintenance of the specialized ECM of the tissue [53] . During the development or progression of OA, chondrocytes change their function or undergo apoptosis or chondroptosis. It has been reported that in human OA articular cartilage, the main pathway of chondrocyte death is apoptosis [54] , and that apoptosis mainly occurred in the superficial and middle layers in equine OA. In our study, the number of apoptotic cells was significantly increased in the superficial and middle layer in high-grade OA, but not in low-grade OA. Whether chondrocyte apoptosis is a cause or a result of cartilage degeneration in OA is debatable. Our results, however, show that the apoptosis of chondrocytes correlates with cartilage degeneration and, as such, might play an important role in the pathogenesis of OA.
Materials and Methods
Cartilage Samples Collection
The collection and use of human cartilage was approved by the local hospital ethical committees, and for all samples, informed written consent was obtained. Cartilage specimens were isolated from 12 patients (mean age˘SD: 68˘6 years) with OA undergoing total knee replacement surgery (Table S2 ). In order to get comparable cartilage samples for histology and RNA extraction, several cartilage pieces were removed from the same joint ( Figure S4) , and for each of the specimens, a cartilage score was determined. Each cartilage specimen was cut into 2 equal parts. One half was used for histology for grading of OA; the other half was used for RNA isolation and qPCR analysis. For RNA isolation, subchondral bone was removed from the cartilage, and samples were cut into small pieces (1-2 mm) and quickly snap frozen in liquid nitrogen (LN 2 ). The frozen samples were stored at´80˝C until use.
Histological Analysis
Cartilage samples were collected into 10-mL tubes, washed twice with PBS and fixed using 10% phosphate-buffered formalin (pH = 7.0, Sigma Aldrich, St. Louis, MO, USA) overnight at 4˝C. In the next step, samples were decalcified for 4 weeks in 12.5% (w/v) EDTA solution containing 0.5% phosphate-buffered formalin (pH = 8.0). After decalcification, samples were dehydrated using graded ethanol and embedded in paraffin.
Safranin O and Alcian Blue Staining
A microtome (Thermo Scientific Shandon, Illkirch Cedex, France) was used to cut 5 µm-thick sections. Sections were then deparaffinized in xylene and hydrated using a graded ethanol series. Slides were either stained for sulfated glycosaminoglycans (GAG) with a 0.1% solution of Safranin O dissolved in distilled water for 5 min and counterstained with hematoxylin dissolved in water to visualize nuclei or stained for sulfated GAG with a 0.5% solution of Alcian blue (pH = 1.0, adjusted with HCL) for 30 min and counterstained with nuclear fast red to visualize nuclei as described previously [55] .
Immunohistochemistry
Immunohistochemical staining of COL2A1, COL10A1 and GREM1 was performed on 5-µm tissue sections, which were pre-incubated with 5 µg/mL proteinase K for 10 min in Tris-EDTA (TE) buffer at room temperature (RT) followed by incubation with 1 mg/mL hyaluronidase dissolved in PBS for 40 min at 37˝C. Rabbit polyclonal collagen type II (Abcam, ab34712, Cambridge, UK) and rabbit polyclonal GREM1 (Santa Cruz biotechnology, Dallas, TX, USA) were diluted 1:200; mouse monoclonal antibody against collagen type X (Quartett biochemicals, Berlin, Germany) was diluted 1:100 in PBS containing 1.5% normal goat blocking serum and incubated overnight at 4˝C. Non-immune controls underwent the same procedure without primary antibody incubation. The biotinylated secondary antibody was diluted 1:200 in normal goat blocking serum and incubated for 30 min at RT. Staining was developed using a rabbit or mouse ABC staining system according to the manufacturer's protocol and imaged using a Nanozoomer (Hamamatsu Photonics, Hamamatsu, Japan).
RNA Isolation and qPCR
Cartilage pieces of samples with the same OA grade from different patients were pooled in a pre-cooled Cryo-Cup Grinder for crushing. The obtained cartilage powder was collected into 50-mL tubes, and samples were weighed. One milliliter of TRIZOL reagent (ThermoFisher scientific, Waltham, MA, USA) per 50-100 mg sample was added. Total RNA was isolated from the lysate according the manufacturer's protocol. The precipitated RNA was dissolved in RNase-free water and subsequently treated with RNase-free DNase I (Invitrogen life technologies, Carlsbad, CA, USA). The concentration of RNA was measured using the Nanodrop 2000. cDNA was obtained from 1 µg of RNA with a cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). qPCR was performed using the SYBR Green sensimix (Bioline, London, UK). PCR reactions were carried out using the Bio-Rad CFX96 under the following conditions: cDNA was denatured for 5 min at 95˝C, followed by 39 cycles consisting of 15 s at 95˝C, 15 s at 60˝C and 30 s at 72˝C. For each reaction, a melting curve was generated to test primer dimer formation and non-specific priming. Gene expression was normalized using GAPDH as the housekeeping gene. Primer sequences are listed in Table S3 .
Apoptosis Assay
The apoptosis of cells was detected in paraffin-embedded tissues using The DeadEnd™ colorimetric TUNEL assay (Promega, Madison, WI, USA) following the manufacturer's procedure. Apoptotic nuclei were stained dark brown.
Statistical Analysis
Data are expressed as the mean. Correlations between the gene expression levels with severity of OA were assessed using Pearson's correlation analysis. p < 0.05 was considered statistically significant.
Conclusions
We have shown that the expression of cartilage-related genes (SOX9, ACAN, COL2A1, DKK1, FRZB) was decreased while that of hypertrophy-or OA-related genes (RUNX2, COL10A1, COL1A1, IHH, AXIN2) was increased or could be detected during OA progression. Moreover, we see a sharp loss of the SOX9 target genes, while the loss of SOX9 mRNA expression is more gradual, suggesting that the loss of COL2A1 and ACAN during OA might be also regulated by other additional mechanisms. We therefore conclude that the expression of cartilage-specific genes correlates negatively with the different stages of OA, and hypertrophy genes correlate positively with OA severity. In addition, at high OA grades, apoptosis was induced.
These differences in gene expression provide us with an OA stage-specific gene expression profile that can be used for staging OA at the molecular level and ultimately to therapeutic targeting of chondrocyte hypertrophy by the WNT signaling antagonists DKK1 and FRZB.
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